Abstract: Time-dependent structure analysis theory has been proved to be more accurate and reliable compared to commonly used methods during construction. However, so far applications are limited to partial period and part of the structure because of immeasurable artificial intervention. Based on the building information model (BIM) and four-dimensional (4D) technology, this paper proposes an improves structure analysis method, which can generate structural geometry, resistance model, and loading conditions automatically by a close interlink of the schedule information, architectural model, and material properties. The method was applied to a safety analysis during a continuous and dynamic simulation of the entire construction process.
Introduction
Traditionally, architectural design, structural analysis, and construction management are three separate steps with distinct objectives in building engineering activities. Architectural design defines the space and appearance of various architectural elements, while structural analysis analyzes the mechanical behavior of structures and structural components. Construction management used to be considered as less relevant to other two activities. However, structure analysis during construction becomes more and more important because of growing accidents in the construction process. With the prevalence of information technologies in the building industry, the combination of design and construction activities can be achieved through the integration of building information model (BIM) and fourdimensional (4D) technology.
The BIM comes from the concept of building product model [1] . It is a mature digital framework that models building components and their relationships. It is designed to digitize complete building information so that information does not lose from one phase to another or from one participant to another. The present common practice is the use of a critical path method (CPM) based project schedule in the form of an activity-time 2D bar chart on both long term (i.e., the whole construction period) and short term basis (i.e., the month/week ahead or even particular days) [2] . Nevertheless, lack of resource components and the spatial context is the disadvantage of CPM, resulting in the difficulties for identifying mistakes of the construction plan and the inconsistency of interpreting the project schedule [3] . To solve this problem, a collection of 3D graphics and resources components is seamlessly combined with activity schedule, resulting in a 4D view of a CPM plan. Although the concept of 4D for building industry was proposed just 15 years ago, plentiful researches have been conducted. The significant ones are an IFC-based PM4D system by center for integrated facility engineering (CIFE) [4] , a PROVISYS model [5] for site simulation, and a 4D maintenance model for building in use [6] . Moreover, a 4D construction management system named 4D-GCPSU [7] based on industry foundation classes (IFCs) was developed in our recent research. Presently, structure analysis and safety analysis are mostly carried out by focusing on several time points during the construction process, rebuilding static structural models manually at each time point, and conducting probability-based calculations. However, not only the structure but the material behavior and loading conditions are dynamically changed during construction process. This is why the structure during construction is also called time-dependent structure [8] . LIU Xila and WANG Jian presented a probability model [9] and a dynamic model [10] based on the theory of Bayes dynamic linear model (DLM) [11] for estimation and analysis of the time-dependent structures. Nevertheless, because of immeasurable artificial intervention, this method was applied only to partial period and partial structure calculation. This paper summarizes our efforts on applying the BIM and 4D technology to construction simulation and safety analysis. A method for generating structural model, resistance model, and loading conditions automatically by a close interlink of the schedule information, 3D architectural model, and material properties, is proposed. A safety analysis system based on this method is developed for dynamically safety analysis during the entire process of construction, which lays a foundation for further researches on building lifecycle management by combining architectural design, structure calculation, and construction management.
Architectural Model and
Structural Model Based on the BIM
IFC description of architectural model
As an efficient tool for implementing the BIM, IFCs are a set of specifications and data representation standards developed by international alliance for interoperability (IAI) for buildings. IFC aims to provide a system-independent neutral mechanism, which is appropriate to describe all building data throughout the lifecycle. Data exchange, sharing, and management are supported effectively in IFC. Up to now, quite a few professional systems based on IFC have been developed, e.g., a Design Information Management System (DIMS) [12] in South Korea, an IFC model viewer supporting nD model application [13] in England, and a collaborative design platform for architects and civil engineers [14] in Singapore.
Entities defined in IFC are parametric. Even complicated entities have to be converted to basic geometric entities (e.g., points, directions) in IFC expression. By application of the rapid IFC modeling system, a sub system of 4D-GCPSU, and developed on the platform of AutoCAD 2006, the IFC-described 3D models were easily and quickly created by parametric building modeling method. Part of the IFC file and the 3D models are shown in Fig. 1 .
Relations and differences between architectural and structural models
As mentioned before, the architectural model defines the spaces and appearances of building components, while the structural model defines a geometric model for structure analysis. The two models are closely related, and they are both for a unique building object in the same three-dimensional coordinate system. They represent the function, size, material, and behavior, etc. of each component, and can be converted each other to a certain extend. At the same time, they do have some differences. For instance, the appearance-attention architectural model provides the input information for structural model, which mainly consists of geometrical and material information of the structure. Generally, 
From the architectural model to the structural model
The BIM contains the complete information of building components and their relationships. Therefore, it can provide data for 3D appearance and 4D construction management to the architectural model, and data for structure calculation and safety analysis to the structural model. At the same time, architectural design, structure calculation and 4D construction management are integrated for consolidate management and application since the building and the building components are completely described by IFC standards. Architectural model can be converted to a structural model as follows: Firstly, geometric data is extracted through IFC-described building objects. Secondly, the structural model is regenerated according to structure analysis methods, considering the complex relations among building components. Most commercial structure analysis software, e.g., ANSYS and MARC, provides embedded mesh functions for 3D solid elements.
As a result, a meshed and ready-for-calculation sophisticate model can be generated easily from the same geometric model described by IFC. However, difficulties and large amount of computations may exist in meshing irregular joints of building components. By comparison, some geometric analysis and predigestion, e.g., distinguishing profile attributes and axes attributes, should be considered to create a simplified model. Furthermore, it needs some intelligent identification in handling joints of beam and column, or main beam and sub beam, etc.. Figure 2 illustrates the identification arithmetic of simplified analysis modeling from architectural model by using the column-beam framework as an example.
Construction Simulation and
Analysis Based on 4D Technology 2.1 Association of building elements and schedule 4D technology in building industry is a CPM-based construction planning methodology that fuses 3D model with time. Specifically in management and structure analysis during construction, 3D model refers to the architectural or structural models. Time dimension refers to the plan schedule or the actual schedule.
Thus association of 3D model and schedule is the basis of 4D construction simulation. In our former researches, a 4D site management model+ (4DSMM+), which extends the functionality of a 4D model as a tool for visualizing CPM, was proposed [15] . According to the 4DSMM+, work breakdown Step 1 : Number each node of every BE (like the end nodes of axis)
Step 2 : Search for near nodes (like the cross of beam and column)
Step 3 : Combine closer nodes (take the smallest number as new sign)
Step 4 : Search for nodes that close to BE to deal with special cases (like the cross of column and continues beam)
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End of traversing? Fig. 2 Identification arithmetic of simplified analysis modeling from architectural model structure (WBS) was introduced as a core joint for the association. A typical WBS includes detailed partitions of work, dependences among activities, and the planned time and actual time of subsections or activities arranged in construction schedule. Being managed in the form of a tree structure, activities with schedule information in WBS are connected to building elements. This linkage supports agile 4D simulation so that users can choose planned or actual schedule as time dimension. Another advantage is that 4D management can be carried out to a rough way (e.g., sections-based) or a detailed one (e.g., activities-based).
Association of building elements and materials
Material properties of each building element including type (e.g., steel, concrete, and reinforced-concrete (RC)), density, mechanical behavior (e.g. compressive, tensile, elastic, and plastic), stress behavior (e.g. elastic modulus) determine the resistance model. Thus, association of building elements and materials is a precondition of structure analysis for construction process.
In this research, three commonly used materials, namely steel, concrete, and RC are considered. Building elements and material properties of above are associated through interactive dialogs. Considering that the resistance of the building elements during the construction may vary, especially for RC structure whose mechanic behaviors depend much on the time calculation of resistance should take time and randomness factors into account. Expression (1) describes the stochastic processes function of resistance.
where X M , X P , and X A are random variables related to material, geometry, and calculation mode, respectively; while t suggests that the resistance is time-dependent.
Load effect model based on activities
Load effects are quite different for different activities during construction process. Take the horizontal construction of a RC structure as an example. It experiences major changes in four phases: setting up temporary supports, banding steels, pouring concrete, and demolishing temporary supports. Among them, temporary supports are of little weight compared to the building itself and do not change the structure behavior. Furthermore, the increased load spreads around completed slabs, which has already had enough strength. Therefore, safety issues seldom happen for this phase, then time-dependent structure analysis and safety inspection are usually ignored. Similarly, weights of workers and steels have major impacts on load effect, while lead to no safety issues when banding steel. However, pouring and vibrating new concrete generates large load. Removing supports leads load redistribution in the adjacent floors of both working platforms and main structures [14] . The loading condition of the structures is significantly changed in these two stages, and must be taken into account seriously.
Within 4D information model, structure model is related to WBS schedule including breakdown activities and time. Therefore, activities-based load effects are automatically generated according to construction status.
4D Simulation of construction process
Construction process simulation based on 4D technology is an integrated application of 3D model, construction schedule, and associated resources (e.g., material) for early decision making and project management purpose. When performing 4D simulation, the visualization controller will search the proper activities for each element. On a graphic platform, different colors represent different construction status, e.g., setting up supports and banding steels. Resources can be automatically calculated at any time point or period. Figure  3 illustrates how the building is constructed in a vivid 
Exporting structural analysis model
Po-Han Chen et al. [14] proposed an algorithm that is able to automatically transform the design model contents from the architectural domain to the structural domain through deducing the topological relationship among different structural elements. However, the structural model transformed does not contain important information, i.e., material properties and loading conditions. This paper presents an enhanced method by adopting 4D technology to export an integrated structural analysis model, through which stress and strain at any time point can be determined, making continuous structure analysis possible. Exporting structural analysis model includes the following steps:
1. Export structural model (refer to section 2.3).
2. Divided the target period into continuously time points (usually take a day as a unit).
3. For each time point, examine all building elements as follows: (a) Check current status according to WBS and time, determine each building element to be constructed or not, and generate a structure model. (b) Check material properties to determine the resistance. (c) Combine the current status and material properties to determine the loading effects.
Structure analysis during construction
With continuously taking structural analysis model from 4D simulation, the stress and strain at each time point were calculated for safety analysis. Figure 4 shows the calculations at typical time points, where maximum strains from stages 1 to 4 are: 4 mm, 5 mm, 6 mm, and 9 mm, respectively. With the combination of the BIM, 4D technology, and the improved structure analysis method proposed above, a system named SABIC (Safety Analysis of Building In Construction) was developed. It followed the building information framework and founded a data support consisting of engineering database and knowledge. With the data supports, a BIM was established. All the information needed in architectural model, structural model, construction process, resistance model, and loading conditions could be extracted from the BIM. Based on these models, a 4D construction management platform was developed as a conjunction of a visualization environment and a structural analysis system. As an application of 4D information platform, the SABIC, which has functions of 4D construction management and safety analysis for timedependent building, was presented. Figure 5 shows the logic organization of the SABIC. 
Conclusions and Future Challenges
This paper presents a combination of the BIM, 4D technology, construction simulation, and safety analysis as an integrated solution for information sharing and exchanging among architects, civil engineers, and construction managers. The improved time-dependent structure analysis method proposed in this paper performs quite well on a safety analysis system named SABIC. It overcomes the disadvantages of current structure analysis method during construction, i.e., too much artificial intervention.
